The objectives were to determine in patients with Tetralogy of Fallot (ToF) and abnormal coronary artery (ACA): the longterm outcomes of different surgical strategies; the risk factors for right ventricular outflow tract (RVOT) obstruction, reoperation, heart failure and mortality. To date, the surgical strategies and prognostic factors for repair of ToF with an ACA, crossing the RVOT and avoiding a classic repair, have not been evaluated in a large series using a multivariate analysis.
INTRODUCTION
Abnormal coronary arteries (ACA) are associated with Tetralogy of Fallot (ToF) with reported incidences of 2-9% [1] [2] [3] . These anomalies are characterized by the presence of a major coronary artery located in the infundibular region, making the treatment of the right ventricular outflow tract (RVOT) obstruction complex and dangerous. Inadvertent division of the coronary artery can result in serious myocardial ischaemia and death [2] . Numerous surgical strategies and techniques were proposed [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The variety of techniques clearly demonstrates that there is no consensus on the management of such patients.
To date, the surgical strategies and prognostic factors for repair of ToF with ACA have not been evaluated in a large series using a multivariate analysis. The objectives of this study are to determine in these patients: the mid-and long-term outcomes of different surgical strategies; the risk factors for RVOT obstruction, reoperation, heart failure and mortality.
MATERIALS AND METHODS

Patients and anatomical characteristics
associated with a significant ACA crossing the RVOT. Exclusion criteria included the other heart defects with ACA and ToF patients displaying a minor infundibular coronary branch. Seventytwo patients with ToF + ACA (among 1333 ToF operated on during the same period) were included: the incidence of ACA in ToF was 5.4%. RVOT obstruction was defined as a postoperative RV/LV pressure ratio >0.5 without any stenosis of pulmonary artery (PA) branches. This low threshold was chosen to take into account early mild long-term RVOT obstruction. An acute coronary syndrome was defined as a ST-segment elevation myocardial infarction or a non-ST-segment elevation myocardial infarction.
Patients were male in 64% of cases. Median age and weight at surgery were 1.5 years (range 0.2-11.3) and 9 kg (range 4-20), respectively. The preoperative echocardiographic peak RVOT gradient was 83 ± 11 mmHg. The mean diameter of the pulmonary annulus was 9 ± 3 mm, with a mean z-score of −2.9 ± 1.8. The mean size of PA branches was 7.5 ± 2.7 mm. Patients had a stenosis of the PA branches in 22% and multiple ventricular septal defect (VSD) in 6%. Echocardiography was associated with angiography in 86% of cases and/or computed tomography (CT) scan in 14%. Diagnosis of the ACA was performed in the preoperative period in 60% of cases (n = 43). The different types of ACA are shown in Table 1 . The study was approved by the institutional review board and by the French Society of CardioVascular Surgery.
Surgical techniques
Half of the patients underwent a 'two-step management' (with a palliative transient systemico-pulmonary shunt). Mean cardiopulmonary bypass (CPB) time and aortic clamping time were 114 ± 41 min (range: 34-230) and 60 ± 25 min (range: 15-142), respectively.
The type of surgical technique (Table 2) for a given patient depended on the size of the pulmonary annulus and the exact location of the ACA in relation to the pulmonary annulus. A 'tailored' right ventriculotomy with reconstruction by patch (tanned autologous pericardium in 76% of cases) was chosen in more than half of the patients. This ventriculotomy adapted to the coronary anatomy was performed in parallel, either distally or proximally to the ACA.
A RV-PA tube was implanted in 25% of the cases, mainly nonvalved Gore-Tex® tubes (n = 6) and Hancock tubes (n = 5), with a mean diameter of 11 mm.
A transatrial ± transpulmonary approach was preferred in 8 patients. The resection of the RVOT stenosis was performed through a right atriotomy and the pulmonary annulus, and was systematically associated with a pulmonary valve commissurotomy.
A translocation of the main PA anterior to the ACA was performed in 1 patient. After mobilization of the PA branches, the PA trunk was divided just below the pulmonary annulus, and translocated onto the right ventriculotomy anterior to the ACA. The anterior wall was then enlarged using a pericardial patch.
The ACA was deliberately sacrified in 2 patients without any functional, rhythm or electric after effects. The treatment of ToF also included a split of the pulmonary annulus in 29% of cases, a plasty of pulmonary branches (25%) and a pulmonary valve commissurotomy (12%). 
RESULTS
Early outcomes
The preoperative RVOT gradient and the z-score of the pulmonary annulus were clinically and statistically comparable in all groups of surgical techniques: z-score = −2 ± 1.4 in the 'transatrial' group versus −2.5 ± 1.9 in other techniques (P = 0.47). An immediate postoperative RV/LV pressure ratio was 0.55 (0.25-1). Nine patients required an immediate additional CPB procedure to relieve a residual RVOT obstruction. Among them, one patient had initially undergone a transatrial transpulmonary approach (and required an additional right ventriculotomy) and eight had initially undergone a right ventriculotomy. Five of these eight patients finally had an RV-PA tube. The surgical techniques that were used in patients with and without a preoperative diagnosis of the ACA were not statistically different (P = 0.105). Mean intubation time was 1.8 days (3 h-12 days). The mean length of the intensive care stay was 3.1 days (1-13). Four patients displayed electric ischaemic signs (three after RVOT patching, one after RV-PA tube); two of them had a postoperative acute coronary syndrome before discharge from the hospital. Early mortality was 3%, related to ischaemic heart failure (n = 1) and multiorgan failure (n = 1). At discharge, the RV/LV pressure ratio was ≥0.5 in 49% of cases.
Late outcomes
Long-term results are presented in Table 2 . Late heart-related mortality was 3% (n = 2), related to occlusion of a RV-PA conduit (n = 1) and late suture failure (n = 1). Actuarial survival (Fig. 1 ) was 95.8 ± 2.4% (CI: 91.1; 100) at 5 years and 93.6 ± 3.2% (CI: 87.3; 99.9) at 15 years. No acute coronary syndrome occurred after discharge.
Twenty-nine patients (40%) had a RV/LV pressure ratio >0.5 at the last follow-up. Considering the whole population, this ratio evolved from 0.55 ± 0.18 immediately after surgery to 0.45 ± 0.17 at the last follow-up (P = 0.001). In patients with an immediate postoperative ratio >0.5, this ratio decreased even more rapidly: from 0.63 ± 0.15 to 0.48 ± 0.18 at the last follow-up (P < 0.001). A long-term RVOT obstruction was significantly more frequent after tube implantation (78%) than after patch reconstruction (30%) or transatrial ± transpulmonary approach (0%; P < 0.001).
Reoperations (22%, n = 16) occurred more frequently after conduit implantation (50%) than after patch reconstruction (17%) or transatrial ± transpulmonary approach (0%; P = 0.002). Actuarial freedom from reoperation rates ( Fig. 2A) were 94.8 ± 2.9% (CI: 89.1; 100) and 76.8 ± 6.7% (CI: 63.7; 89.9) at 5 and 15 years, respectively. Actuarial freedom from reoperation is significantly improved after the transatrial ± transpulmonary approach (P <10 −3 ; Fig. 2B ).
Risk analysis
The main results of the univariate analysis are summarized in Table 3 . Adjustment factors used to perform the logistic regression multivariate analysis (Table 3) include the preoperative diagnosis, coronary anatomy, weight at surgery, surgeon, surgical management, period of surgery, operative technique, split of the pulmonary annulus, immediate postoperative RV/LV pressure ratio, postoperative coronary syndrome and residual VSD. Implantation of a right ventricle (RV)-PA conduit was an independent risk factor of RVOT obstruction (OR: 31; P < 0.001) and reoperation (OR: 20; P = 0.02). An immediate postoperative RV/ LV pressure ratio >0.5 was independently associated with a longterm RV/LV pressure ratio >0.5 (OR: 14; P = 0.001), but was not a risk factor of reoperation (P = 0.79) or mortality (P = 0.99). Postoperative electric ischaemic signs independently increased the risk of long-term heart failure (OR: 22; P = 0.04). Postoperative outcomes in patients without a preoperative diagnosis of the ACA are quite similar at the last follow-up to those with a preoperative diagnosis of ACA: death: n = 1 (3.4%; P = 0.64); early RVOT obstruction: n = 14 (48%; P = 0.29); ischaemic electrocardiogram signs: n = 0 (P = 0.14); acute coronary syndrome: n = 0 (P = 0.51). In the univariate analysis, the absence of preoperative diagnosis is statistically linked to an increased risk of reoperation (n = 11 (38%) versus n = 6 (14%); P = 0.02). Nevertheless, this statistical link disappears in the multivariate analysis, after adjustment to the surgical technique.
In the univariate analysis, the 'two-step management' was associated with an increased risk of reoperation (P = 0.001). However, this factor was statistically linked to the implantation of an RV-PA tube: among patients who finally had a tube (n = 18), 13 underwent a staged approach (72%) versus 42% who benefitted from another surgical technique (P = 0.029). After adjustment to the surgical technique, the staged approach was not an independent risk factor for reoperation.
DISCUSSION
In patients with ToF + ACA, the transatrial ± transpulmonary approach displays the best long-term outcomes, by reducing the risks of RVOT obstruction and reoperation, but does not improve the patient survival. A RV-PA conduit was an independent risk factor for RVOT obstruction and reoperation. An immediate postoperative RV/LV pressure ratio >0.5 was not a risk factor for reoperation. Postoperative electric ischaemic signs independently increased the risk of long-term heart failure.
To our knowledge, this study represents the largest series of ToF + ACA in the literature [1-3, 6, 8-13, 15-19] . The surgical techniques that were used in patients with and without preoperative diagnosis of the ACA were not statistically different. This factor is not an independent risk factor for reoperation. The preoperative diagnosis of the ACA is essential, not for the intraoperative choice of the surgical technique, but for the optimal timing of surgery ( patients with few symptoms, in whom the surgical repair may be delayed) and for patients with previous surgeries-related pericardial adhesions masking a potential ACA. In the present series, diagnosis of the ACA was performed in the preoperative period in 60% of the cases (n = 43). The echocardiography precisely identified the coronary anatomy in only 7 patients. That is why the systematic use of a 64-slice spiral CT-scan with low doses of ionizing radiation in patients with ToF was set up in our institution to detect ACA [20] .
Although the optimal medical and surgical management of patients with ToF + ACA has been discussed since the 1970s and 1980s [1, 2] , the surgical strategies and prognostic factors for this specific anatomical condition still remain controversial.
The choice of the surgical technique and the quality of the surgical repair determine the cardiac outcome of these infants. Three deaths were directly linked to the operative technique chosen (occlusion of a RV-PA conduit, severe myocardial ischaemia related to a coronary injury and late suture failure of the ventriculotomy). Postoperative ischaemic electric signs without any acute coronary syndrome during the hospital stay significantly increase the risk of long-term heart failure (OR = 26). The postoperative RV/LV pressure ratio is also directly linked to the quality of the surgical repair [21, 22] . We demonstrated that an immediate postoperative RV/LV pressure ratio >0.5 was independently associated with a long-term RV/LV pressure ratio >0.5, but was not a risk factor for reoperation or mortality. Moreover, our data confirm the progressively decreasing evolution of this RV/LV ratio after surgery in that specific population of patients with TOF + ACA, as previously described in the whole population of TOF in the literature [23] . Thus, it seems to us that an immediate postoperative RV/LV ratio around 0.5-0.7 is an acceptable immediate postoperative ratio in patients with TOF + ACA, and does not require the implantation of an RV-PA tube.
Palliative procedures followed by repair do not influence survival or reoperation-free survival, as previously shown by Lindberg et al. [24] . The implantation of an RV-PA tube significantly and independently increases the risk of RVOT obstruction and reoperation. This can be explained by the absence of growth potential of the implanted tube and its restrictive evolution. Indeed, during the first years after surgery, the blood flow mainly goes through the RV-PA tube without enhancing the growth of the native RVOT; then, during the following years, both the tube, that became restrictive, and the native RVOT, that did not grow, are insufficient to provide an adequate pulmonary blood flow. This surgical technique could be reserved for rare full-grown patients with severe RVOT obstruction and a too-close relationship between the ACA and the small pulmonary annulus preventing the use of a transatrial ± transpulmonary approach. Indeed, the size of the pulmonary annulus and the exact relationship between the ACA and the pulmonary annulus are the two main anatomical variables to take into account in choosing the surgical technique. The site of implantation and the orientation of the tube must be chosen carefully to avoid any fatal compression of the ACA as reported in the literature [16] .
The transatrial ± transpulmonary approach displays the better long-term outcomes according to the multivariate analysis, by reducing the risks of RVOT obstruction and reoperation, but does not improve the patient survival. The limit that some authors object to the transatrial ± transpulmonary approach is the risk of an insufficient resection of the RVOT obstruction [25] , related to either a poor exposure, or the fear of injuring the ACA. This series shows excellent results with this technique, similarly to those of Brizard et al. [15] . None of the patients who initially had a transatrial ± transpulmonary approach underwent a reoperation for longterm RVOT obstruction. These excellent outcomes do not result from a biased selection of this transatrial ± transpulmonary technique in less severe types of ToF: z-scores of the pulmonary annulus were indeed clinically and statistically comparable in all groups of surgical techniques. Thus, this specific approach should not be reserved for ToF + ACA with mild RVOT obstruction. In the most severe cases of RVOT obstruction, the surgeon can perform a pulmonary arteriotomy besides the right atriotomy, in order to: complete the resection of the infundibular stenosis through the pulmonary valve, perform a dilation of the RVOT with adapted Hegar dilators, perform a pulmonary valve commissurotomy if necessary and enlarge the proximal main PA with a patch. These additional procedures can reduce the number of cases requiring the split of the pulmonary annulus and increase the indications of the transatrial ± transpulmonary approach. If the ACA is slightly below the level of the annulus, the pulmonary arteriotomy in the transatrial ± transpulmonary approach can also be extended a few millimetres to the level of the annulus, confining the incision only to the annulus and staying above the ACA.
Finally, the present series includes one case of translocation of the main PA anterior to the ACA (with a pericardial hood). This technique could be particularly advocated if the small size of the pulmonary annulus on one hand, and the location of the ACA at the exact level of the pulmonary annulus on the other hand, require the split of the pulmonary annulus and allow neither a transatrial ± transpulmonary approach nor a short transannular patch above the ACA. A more frequent use of such a translocation of the main PA could drastically reduce the indications of RV-PA conduits.
LIMITATIONS
This is a retrospective study spanning over 25 years. The choice of the surgical technique was at the discretion of the surgeon (eight surgeons were involved in this study). The technique of translocation of the main PA could not be evaluated because only one patient in the present series underwent this operation. A prospective multicentric study comparing the outcomes of the surgical techniques ( particularly the transatrial ± transpulmonary approach and the technique of translocation of the main PA) would be of great interest in this specific population of ToF patients.
CONCLUSIONS
A RV-PA conduit was an independent risk factor for RVOT obstruction and reoperation. An immediate postoperative RV/LV pressure ratio >0.5 was not a risk factor for reoperation. The transatrial ± transpulmonary approach displayed the best longterm outcomes, by reducing the risks for RVOT obstruction and reoperation, and should be preferred to the implantation of a conduit or a tailored right ventriculotomy whenever possible.
